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ABSTRACT 
______________________________________________________________________________ 
 
The Midcontinent region of the United States is part of the cratonic platform of the North 
American craton.  This region is underlain by Precambrian basement formed dominantly during 
Proterozoic accretionary orogenies.  It was modified by Proterozoic anorogenic felsic 
magmatism and was cracked by several episodes of rifting.  Subsequently, when North America 
was part of a supercontinent, the region underwent extensive Late Precambrian erosion and 
exhumation.  Marine transgressions during the Phanerozoic buried the region with sequences 
Phanerozoic sedimentary strata. The continent-wide contact between Precambrian crystalline 
rock and the overlying cover of Phanerozoic strata is known as the "Great Unconformity."   
 Though the cratonic platform has been relatively stable, tectonically, for over a billion 
years, it has been affected by epeirogenic movements that produced regional-scale basins, domes 
and arches.  Also, faults within the region have been reactivated, displacing crustal blocks and 
warping overlying strata into monoclinal folds—these faults may be relicts of Proterozoic rifting.  
How can this Phanerozoic tectonism be represented visually in a way that can provide a basis for 
interpreting new lithospheric features being revealed by EarthScope's USArray seismic network?  
In the Appalachian and Cordilleran orogens, ground-surface topography provides insight into the 
character and distribution of tectonic activity, because topography is structurally controlled.  This 
is not the case in the Midcontinent, a region of broad plains where surface topography does not 
reflect the structure beneath.  Fortunately, the Great Unconformity makes an excellent marker 
horizon for mapping intracratonic structures.    
In order to create an intuitive visual image of the basement topography and of fault-and-
fold distribution in the cratonic platform of the United States, I constructed two maps of the 
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region using ArcGIS software.  My study area extends from the Wasatch front on the west to the 
Appalachian front on the east, and from the Ouachita front and Gulf coastal plain on the south to 
the southern edge of the Canadian Shield on the north. The first map portrays the top of the 
Precambrian basement surface in shaded relief, and the second map portrays the distribution of 
major faults and folds within the region.  Production of the maps required compiling and 
digitizing a variety of data, which was imported into ArcGIS and processed to produce a 3-D 
surface.  The shaded-relief map provides new insight into the crustal architecture of the cratonic 
platform, by visually emphasizing that the region consists of distinct provinces: the Midcontinent 
Sector (a broad area of low relief, locally broken by steep faults); the Rocky Mountain Sector 
(with structural relief of up to 10 km, and relatively short distances between uplifts), the 
Colorado Plateau Sector (a moderate-relief area containing fault-bounded crustal blocks), and the 
Bordering Basins Sector (deep rift basins, linked at crustal bridges, and locally amplified by 
flexural loading).  Overlaying the fault map and a map of earthquake epicenters over the shaded 
relief map emphasizes that seismicity is concentrated in the bordering basins, particularly where 
steep gradients in basement topography coincide with major faults. 
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— CHAPTER 1 — 
INTRODUCTION 
______________________________________________________________________________ 
 
1.1  Geology of the Cratonic Platform of the United States 
 The craton of North America includes the Canadian Shield, where Precambrian igneous 
and metamorphic rocks are exposed at the surface, and the cratonic platform, where Precambrian 
igneous and metamorphic rocks (basement) are buried beneath Phanerozoic sedimentary strata 
(cover).  The thickness of sedimentary strata range from 0 km (where basement is exposed) to 
over 7.5 km. North America’s cratonic platform extends from the Wasatch Front in the west to 
the Appalachian front in the east, and from the Ouachita front and Gulf coastal plain in the south 
to the southern edge of the Canadian Shield in the north (Fig. 1.1).  Between the Wasatch front 
and the Rocky Mountain front, the cratonic platform has been uplifted and deformed by 
Mesozoic and Cenozoic faulting and folding, and now comprises the Rocky Mountains (to the 
north) and the Colorado Plateau (to the south). East of the Rocky Mountain front, the cratonic 
platform forms a broad region of low relief, known as the Great Plains or the Midcontinent.  The 
region outside of the cratonic platform includes the Appalachian, Ouachita, and Cordilleran 
orogens, and the Atlantic and Gulf coastal plains. 
 In the Midcontinent, the only exposure of Precambrian basement south of the Canadian 
Shield occurs in the St. Francis Mountains of the Ozark Plateau in eastern Missouri, in the 
Adirondack Dome of northeastern New York, and in isolated exposures of exhumed 
Precambrian islands in Wisconsin and Minnesota.  Surface exposures of the Phanerozoic cover, 
west of a longitude of about 97°W, consist dominantly of Mesozoic and Cenozoic strata.  East of 
this longitude line, surface exposures consist of Paleozoic strata. Variations in thickness of 
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Phanerozoic strata define broad basins, domes, and arches; these structures formed by 
epeirogenic uplift and subsidence during the Paleozoic.  The major intracratonic basins of the 
Midcontinent are the Michigan basin, the Illinois basin, and the Williston basin.  Locally, strata 
of the Midcontinent have been warped into monoclinal folds and/or have been cut by localized 
high-angle faults. 
The basement of the North American craton assembled during the Proterozoic (Fig. 1.2).  
According to the synthesis by Whitmeyer and Karlstrom (2007), the earliest stage of craton 
assembly involved growth of several Archean lithospheric blocks. These Archean nuclei sutured 
together during the Paleoproterozoic (2.0 to 1.8 Ga).  Later in the Proterozoic, progressively 
younger terranes accreted to the outer edges of the Paleoproterozoic continent, forming two 
distinct accretionary orogenic belts that have a general northeast trend.  The older of this, which 
fringes the Archean cratonic nucleus, is the Yavapai terrane, which was accreted between 1.71 
and 1.69 Ga.  The Mazatzal terrane accreted to the edge of the Yavapai between 1.65-1.60 Ga.  
Subsequently, intracratonic magmatism between 1.5 and 1.3 Ga produced anorogenic granites 
and rhyolites; the region affected by this magmatism is known as the Granite-Rhyolite Province.  
Rocks of the Llano-Grenville province attached to North America during the Grenville orogeny 
(1.3 and 0.9 Ga).  By the end of the Grenville orogeny, North America lay in the interior of a 
large supercontinent, Rodinia, which broke apart and reassembled as Pannotia.  Pannotia 
survived until the end of the Precambrian, when it broke apart leaving Midcontinent North 
America as part of Laurentia.  
 Rifting occurred at several times during the Precambrian, and produced distinct, narrow 
rift basins filled with sediments, and in some cases, volcanics.  The largest rift is the 1.1 Ga 
Midcontinent Rift System, consisting of one arm of which cuts NW from Kansas across Iowa to 
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Lake Superior, and another arm which cuts SE across Michigan. Other, younger rifts associated 
with the breakup of the late Precambrian supercontinent include the Oklahoma aulacogen, the 
Reelfoot Rift and the Rome Trough (e.g., Whitmeyer and Karlstrom, 2007; Marshak et al., 
2003).  Extensional tectonism led to widespread intrusion of dikes and normal faulting, even in 
areas outside of the particularly distinctive rifts. 
 While in the interior of the supercontinent, North America was emergent, and thus its 
surface was eroded and rocks that had been kilometers below the surface were exhumed.  This 
erosion may have stripped away the fill of smaller rifts, though the associated basement-
penetrating normal faults still remained.  Though the craton of North America’s Midcontinent 
has been relatively tectonically stable and unmetamorphosed for the past 1 billion years, it has 
not been totally inactive.  Rather, structures within it have undergone pulses of reactivation that 
are roughly coeval with Paleozoic orogenic events in the Appalachian/Ouachita orogens.  During 
these events, domes and arches have gone up, basins have undergone subsidence pulses, and 
faults have been reactivated (Marshak and Paulsen, 1997).  At the end of the Paleozoic, hot 
brines migrated though the sedimentary basins causing mineralization, anthracitization, and 
dolomitization (Bethke and Marshak, 1990). 
  
1.2  Statement of Purpose 
 Topography can be used as a tool for identifying and characterizing tectonic features, for 
the geologic structures they yield can control the shape of landforms directly and/or can control 
erosion over time, so that the shapes of structures stand out in the landscape.  Digital Elevation 
Maps (DEMs) increasingly have been used to study landforms, for by using shading to simulate 
shadows cast by the Sun, they can convey a sense of the 3-D shape of the land surface.  The 
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1:3,500,000-scale DEM map, Landforms of the Conterminous United States (Thelin and Pike, 
1991) serves as an example.  This map portrays topography in shaded relief by varying tints of 
gray.  More recent versions of this map add colors (usually a palette ranging from green through 
tan, to white) to add visual information about relative elevation.  A shaded-relief DEM can 
clearly show tectonically controlled textures of the terrain, if the map has sufficient resolution.  
For example, on Thelin and Pike's map, the Valley and Ridge Province in the Northern 
Appalachians stands out and its morphology allows interpretation of the wavelength and 
amplitude of the underlying folds and even inference of principle stress directions at the time the 
folds formed (Fig. 1.3).  Similarly, the distribution and orientation of Laramide basement-cored 
uplifts in the United States can be delineated by the morphology of the Rocky Mountains, and 
the area and extension direction of Cenozoic rifting in the Cordillera is indicated by the 
topographic characteristics of the Basin and Range Province.  
Geologic maps can provide additional perspective on continent-scale tectonic features.  
For example, one can identify continental-interior basin or domes based on the bulls-eye pattern 
of stratigraphic units—in a dome, older units crop out in the center, whereas in a basin, younger 
units crop out in a center.  The Tapestry of Time and Terrain map, published by the United States 
Geological Survey in 2000, combines a DEM and the geologic map of King and Beikman (1974) 
to emphasize the relationships between bedrock distribution and landforms.  Notably, however, 
in the Midcontinent, the landforms are largely independent of the distribution of geologic 
formations.  Tectonic maps (e.g., P.B. King's 1969 Tectonic Map of North America, and W. 
Muehlberger's 1992 Tectonic Map of North America) provide further insight grouping geologic 
map units according to their tectonic meaning and by including contours on the top of the 
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Precambrian, but these maps include many types of data that create a clutter that makes it hard, 
in some cases, to focus on basement data, and they do not show features in shaded relief. 
 Digital elevation maps, geologic maps, and existing tectonic maps do not provide a clear 
picture of tectonic movements across the Midcontinent.  Specifically, DEMs of the Midcontinent 
display primarily plains, locally incised by Cenozoic drainage or covered by Cenozoic fans and 
glacial deposits, so intracratonic domes and basins, with few exceptions (e.g., the Ozark Plateau) 
do not control the details of landscape features.  In other words, they do not provide insight into 
the aerial extent of upwarped or downwarped crust resulting from epeirogenic movements.  
Similarly, while geologic and tectonic maps clearly outline epeirogenic structures and display the 
surface manifestation of faults in the Midcontinent, they do not provide direct insight into the 
magnitudes of differential vertical movements.   
 How, then, can the tectonic character of the Midcontinent be portrayed on a map to give a 
clear visual impression of differential movements, localization of deformation, and the role that 
Precambrian tectonic features have played in controlling Phanerozoic structure?  To address this 
question, I have developed two digital maps of the Midcontinent region that display the tectonic 
character of the Midcontinent visually.  The first map is a shaded-relief map of the depth to the 
Precambrian surface.  The map was first produced as a 2-D image, but with additional processing 
it can be converted into a 3-D surface that provides an excellent visual tool for interpreting 
structures (both surface and subsurface).  The second map shows the distribution of major faults 
and folds in the region.  I provide examples of how my new maps can be merged with other 
digital data sets (e.g., distribution of seismicity; geophysical potential field; crustal and mantle 
tomography) to provide a basis for interpreting relationships among lithospheric features and to 
provide insight into how pre-existing crustal structures in the cratonic platform.  
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1.3   Strategy and Organization of this Thesis 
In this thesis, I first present a brief outline of published maps that show the depth to the 
Precambrian basement within the study area.  I will then discuss the reasons why I chose the 
depth to the Great Unconformity (the Precambrian/cover contact) as a marker horizon for my 
maps.  Following these two sections, I provide greater detail on the procedure of constructing my 
maps. In the procedure section, I outline how I acquired the data necessary for developing the 
maps, and then show how I constructed both the 2-D and 3-D versions of the shaded relief map.  
Section 2.4 illustrates how I produced the map of faults and folds, and of other features discussed 
in this thesis.   
My next chapter (Chapter 3) incorporates observations for both maps.  I will first discuss 
visual observations based on examination of the shaded-relief map, and show how different 
tectonic domains of the Midcontinent can be delineated based on the morphology of the Great 
Unconformity surface.  Next, I provide observations on the different structures within the study 
area, and introduce the data spreadsheet that I developed for analyzing these structures.  
Following this section, I discuss the dominant trends of Midcontinent structures.  The final 
chapter (Chapter 4) provides the discussion and conclusions of this thesis, with a focus on the 
relationships among basement topography, structure, and seismicity.    
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Figure 1.1: Visual of the study area (area not in color), including the cratonic platform and the 
Colorado Plateau.   
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Figure 1.2:  Precambrian tectonic assembly map of North America (Whitmeyer and Karlstrom 
2007). 
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Figure 1.3:  Digital Elevation Map of the United States, showing sample topographic provinces 
(Thelin and Pike, 1991). 
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— CHAPTER 2 — 
METHODOLOGY 
______________________________________________________________________________ 
 
2.1  Previous Precambrian Basement Maps 
The first step of my research involved determining what maps are already available that 
characterized Midcontinent tectonic features.  There have been many attempts to portray the role 
of the Precambrian basement surface in influencing later Phanerozoic tectonics.  Two of the 
earliest maps produced of the Precambrian basement are the 1:5,000,000-scale Basement Map of 
North America, published by the American Association of Petroleum Geologists and the USGS 
in 1967, and the 1:2,500,000-scale Basement Rock Map of the United States by Bayley and 
Muehlberger (1968).  Both maps provide a generalized interpretation of the Precambrian 
basement surface.  On the Basement Rock Map of the United States, the different Precambrian 
rock types are clearly emphasized, and while depth to the top of the Precambrian data are 
indicated by hard-to-see contour lines.  Major faults that are expressed at the surface are also 
drawn and labeled in some cases, but major subsurface faults are not shown due to the lack of 
seismic-reflection data available at the time the map was produced.   
The Generalized Tectonic Map of North America by King and Edmonston (1972) 
provides a very simplified contour map of the top-of-Precambrian surface.  Major basins are 
clearly visible, but the map is generalized and doesn't offer any data that was not already shown 
by the Basement Rock Map of the United States.  Muehlberger et al.'s (1992) Tectonic Map of 
North America, published by the American Association of Petroleum Geologists, provides an 
update of the Basement Rock Map of the United States.  Muehlberger et al.'s map (actually, a 
series of 4 plates) shows significantly more detail than earlier versions of tectonic maps of North 
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America.  The contours on the Precambrian surface are better constrained as they utilize 
additional data from seismic-reflection profiles and new drilling data.  The map not only shows 
more faults, but the depiction of the faults clearly shows how they offset the structural contours 
on the Precambrian surface.  The colors and shades of colors used on the map also make the 
major basins stand out. 
 The Precambrian Basement Structure Map of the Continental United States by Sims et 
al. (2008) is one of the most current maps of major structures within the Precambrian basement. 
This map uses an interpretation of magnetic anomaly maps to delineate major structures such as 
suture zones and large, continental-scale faults.  Sims and others (2008) emphasizes that most of 
the major structures have been reactivated when stress fields within the region changed.  The 
suture zones and other large faults within the region behave as zones of weakness within the 
Precambrian basement.  Sims et al.'s map does not, however, display contours on top of the 
Precambrian basement. 
Maps portraying one state, or several adjacent states, have been prepared for portions of 
the cratonic platform, and these reveal the local form of the Precambrian top surface in greater 
detail.  Most of these maps are based on well data, though some also include evidence from 
seismic-reflection profiles.  Faults shown on these maps are based on stratigraphic separations, 
vertical displacements of seismic reflectors, or Bouguer gravity or magnetic anomaly maps.  
Examples of state-scale maps (maps showing contours on top of the Precambrian basement in 
one state) are the Configuration of the Top of Precambrian Rocks in Kansas by Cole (1978) and 
the Precambrian Structure Map of North Dakota by Heck (1988).  In these two maps (and maps 
similar to these for other states), the contours and faults stop abruptly at the state boundaries.  
Examples of regional basement-surface maps include the Precambrian Basement Map of the 
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Northern Midcontinent, USA by Sims (1990), and the Precambrian Basement Map of the Trans-
Hudson Orogen, USA by Sims et al. (1992).  Both maps illustrate faults and contours on the 
Precambrian top surface in detail but, like many state-scale maps, do not show the regional 
associations of the Precambrian surface across the Midcontinent, and do not cleanly link to maps 
of adjacent states.  Notably, most state-scale maps are decades old, and have not been updated to 
a digital form.   
 
2.2  Identifying a Marker Horizon 
The top of the Precambrian surface is marked by a continent-wide unconformity—known 
as the Great Unconformity—that formed due to extensive erosion during the Late Precambrian, 
prior to the deposition of Paleozoic strata (Peters and Gaines, 2012).  The Great Unconformity is 
exposed at the Earth’s surface in at many locations along the edges of basement-cored uplifts in 
the Rocky Mountains, as well as at the top of the inner gorge in the Grand Canyon and at the top 
of the gorge in Black Canyon of the Gunnison.  In the Midcontinent, it is almost completely 
covered except at localities along the boundary between the Canadian Shield and the continental-
interior platform in Minnesota and Wisconsin.  South of the Canadian Shield, the unconformity 
is exposed at only a few localities, such as the Baraboo Syncline, in southern Wisconsin, and the 
St. Francis Mountains in eastern Missouri. Elsewhere, the Great Unconformity exists tens of 
meters to more than several thousand meters below the Earth’s surface, and has been sampled 
only in drill holes.   
The Great Unconformity is an excellent marker horizon for characterizing intracratonic 
tectonic features (basins, domes, and faults), for it exists everywhere in the Midcontinent, can be 
recognized definitively on seismic profiles and in drill cores, and has not been affected by 
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surface erosion since the Late Precambrian.  Further, all geologists tend to interpret the surface in 
the same way, so there isn't uncertainty in correlating the surface across the Midcontinent—
younger stratigraphic features, in contrast, may be interpreted differently by different authors.  
The depth to the unconformity can also be referred to as "depth to basement" or "depth to the 
cover/basement contact," or "depth to the top of the Precambrian." 
 
2.3  Data Acquisition for the Shaded Relief Map 
 Data for the shaded relief map was primarily acquired by a basic literature research on 
the internet and through on-line reference systems, such as GeoRef, available through the 
University of Illinois Library.  Maps showing structure contours on the Precambrian basement 
were mostly found as images on the internet through state geological survey websites.  In some 
states, contour data representing the shape of the Precambrian surface were already available in 
downloadable packages.  I called many state geological surveys directly to acquire information 
that was not available on the internet or through the library system.  I also contacted libraries at 
other universities, as well as individuals on the faculty of other universities, throughout the 
country to try to obtain additional information.  Maps that were not in a digital format were 
scanned on a large-format scanner at the Illinois State Geological Survey.  However, a couple of 
maps were either in too poor condition to be scanned (meaning that the map had too many 
creases, or ripped easily) or only a small area needed to be scanned, so a smaller scanner was put 
into use. To obtain data in areas for which existing structural contour maps were not available, I 
used either drillhole data, which was added as point data to my data base, or point data extracted 
from published cross sections.   
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 Cross sections were of particular use to constrain depth to basement along the southern 
and eastern borders of my map area, where the basement and its platformal cover were 
overlapped by thrust faults in the foreland of the Appalachian/Ouachita orogen.  To obtain this 
data I pasted a scan of the cross section into Adobe Illustrator, and then set up a vertical scale, 
which I scrolled across the section, measuring depth to basement at regular intervals.  I stopped 
data acquisition at the forelandward-most fault that thrust basement up over Phanerozoic cover. I 
also marked the location of points where basement-penetrating faults intersected the line of 
section.  Finally, I plotted the strings of resulting point data on a map, hand-contoured the data, 
and then transferred the resulting map into the digital data base.  
 
2.4  Production of the Shaded-Relief Map 
I used ArcGIS, a software product produced by ESRI (www.esri.com), for creating the 
maps described in this thesis.  This work was done under the supervision of Curt Abert, and 
utilized the facilities of the GIS laboratory of the Illinois State Geological Survey.  ArcGIS can 
be used to geo-reference spatial data sets, and to draw the results in both 2-D (ArcMap) and 3-D 
(ArcScene).  A map showing the outline of the states within the conterminous United States 
provided serves as the "base map" on which I projected my depth-to-basement and structural 
trace data.  The map projection of this base map is NAD 1983, UTM Zone 14N.   
Use of Preexisting Digital Maps:  The geological surveys of several states (Illinois, 
Iowa, Missouri, Kentucky, South Dakota, Indiana, Nebraska, and Ohio) have prepared ArcGIS-
based maps showing depth to basement for the entire state.  (The Texas Bureau of Economic 
Geology has produced a map for a portion of west Texas, but not for the whole state.)  On such 
maps, the contour lines are shapes with each point on the line representing a geo-referenced 
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point; the data set representing this line is called a “shapefile.” I converted the shapefiles to the 
map projection mentioned above and added it as an overlay to the map (Fig. 2.1).  Shapefiles for 
other areas, including small map areas represented in research publications and/or continent-
scale maps, were also added where available.   
Using Archival Non-Digital Maps:  The majority of the maps that showed the depth to 
the Precambrian surface for the continental interior are available only as a raster image (bitmap) 
in the form of a JPEG, TIFF, or PDF file, or as a paper copy that needed to be scanned and 
turned into a digital raster image.  Regardless of its origin, the raster image or "source map" was 
placed as an overlay into ArcMap and was georeferenced by distorting it so it registered as 
closely as possible to the base map's orientation and projection (Fig. 2.2a).  Specific lines or 
points on the source map image that I used to align the image to the base map include state 
boundaries, county boundaries, and latitude or longitude lines.   
Once the source map was aligned to the base map, I digitized the raster map by "hands-on 
digitizing," which involves tracing out contours on the computer by using the computer mouse 
(Fig. 2.2b).  I first created a new line shapefile and set the projection to the one I used for 
producing the maps.  I added a contour field to the attribute table so that I could record the depth 
to the Precambrian that the line represented.  I then overlaid the contour shapefile onto the 
georeferenced map and I started an edit session, in which I drew straight-line segments over the 
map image for each contour line.  For curving lines, I increased the number of vertices, which 
are points at the end of each line segment, and the number of line segments, so that the drawn 
lines would closely follow the map’s curving contour lines.  The above procedure was repeated 
numerous times for each source map.  If lines were too close to resolve at the scale of the entire 
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study area, I queried a contour interval (usually 1000 ft. contour interval) so that individual 
contour lines can be visualized.     
Unfortunately, my digitizing procedure introduces some error into the map compilation.  
Part of this error comes from scanning (for the scanning lenses do not reproduce images exactly), 
part comes from stretching and distorting within ArcGIS to fit the source map to the base map 
(for the process does not produce a perfect match across the entire area of the map, especially if 
the source map was not the same projection as the base map), and part comes from the process of 
tracing contour lines (since the inherent inaccuracy of hand motions means that the tracing is not 
exact).  Also, contour maps, by their nature, are not unique solutions to point data.  Effort was 
made to keep the amount of error to a minimum, and I estimate that tracings as it appears on the 
base map is no more than approximately 500 m off of the "true" tracing on the source map.  
Use of Drill-Hole and Cross-Section Data:  To constrain depth to basement in areas for 
which map data do not exist, I used drill-hole data and/or data extracted from cross sections.  To 
use drill-hole data, I prepared a spread sheet in Microsoft Excel that contains latitude, longitude, 
and depth.  This data can be entered directly to the ArcMap document, for ArcGIS software 
converts longitude and latitude into X (north-south) and Y (east-west) coordinates, respectively, 
and depth into a Z coordinate, which then becomes a shapefile that shows the wells or drill hole 
locations as points on the map.  To extract depth data from cross sections, I scanned the cross 
section to produce a JPEG of the cross section, or obtained an existing JPEG image of the cross 
section.  I exported the JPEG into Adobe Illustrator as a base layer.  Then, I created a new layer 
on which I drew a horizontal sea-level reference line as an overlay, and created an accurate 
vertical (i.e., depth) scale.  I then moved the scale along the sea-level reference line, and 
measured the depth to the basement/cover contact (the Great Unconformity) at regular intervals.  
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In places where the change in depth was rapid (e.g., at basement-penetrating faults), I added 
additional points for extra control.   I then produced a map-view image showing the trace of the 
cross sections and the points of measurement along it.  This trace was then geo-referenced onto 
the map document.  Next, I extracted the latitude and longitude for each measured point along 
the cross section, and entered into a Microsoft Excel document, along with the depth to basement 
data for the point.  The Excel document was then placed into the ArcMap document and 
subsequently made into a point shapefile.  Once the depth points were visualized, I hand 
contoured the subsequent area, along with adding faults where needed, to produce the 
Precambrian surface in that area.    
 The Trace of Precambrian Outcrop:  To depict the trace of the basement/cover contact 
(the Great Unconformity or the top of the crystalline Precambrian) where it intersects the ground 
surface, I produced a shapefile outlining areas where the Precambrian rocks are the bedrock at 
the Earth’s surface. Some of these areas include: Minnesota, Wisconsin, northern Michigan, 
northern New York (the Adirondack Mountains), the Blue Ridge and its along-strike equivalents 
(the "Blue-Green-Long Axis") in the Appalachians, the basement of the basement-cored uplifts 
in the Rocky Mountain region, and the floors of deep canyons in the Colorado Plateau.  
Elevation data, which was derived from a 30 arc-second DEM of North America produced by the 
U.S. Geological Survey’s Center for Earth Resources Observation and Science,  was downloaded 
from ArcGIS’ online data repository and exported directly into the ArcMap document.  An 
‘Extract by Mask’ tool was used to clip the elevation data to fill in the Precambrian outcrop 
shapefile.  The clipped elevation data was then changed from raster data to point elevation data 
using tools in the ArcGIS toolbox.  The resulting shapefile was then used to create the 
Precambrian surface along with the other contour and point elevation data.   
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 Data Compilation in ArcGIS:  The shapefiles of the depth to the Precambrian surface 
contours and points were added to the ArcMap document to create a "primary data contour layer" 
for the entire study area.  Most of the reference maps provided contours measured in feet, but 
some provided contours in meters.  The contours provided in meters were converted to feet by 
multiplying the number of meters by 3.2808.  I also checked to insure that all depths on the map 
represented depth below sea level, not depth below the ground surface.  I accomplished this task 
by conducting a literature search on the source maps, identifying any additional texts provided 
by the author of the source map.  For source maps with no additional information, I visually 
judged the source maps by the contours’ continuity with other surrounding data/source maps that 
had more precise information.   
Due to inherent errors made during georeferencing, or due to errors on source maps 
themselves, contours did not all line up across state boundaries.  The non-matching contours 
were adjusted by hand on the primary data contour layer so that the contours would be smooth 
lines, and would not give the false impression that faults exist at state borders.  I also hand 
corrected places where contours appeared to cross one another, and hand-adjusted contours along 
or near faults, so that they were aligned as closely as possible to the faults.  In the ArcMap 
document, the contours were actually ‘snapped’ to the fault lines (Fig. 2.3).   
Transformation of the Contour Map into the Shaded-Relief Map:  Production of the 
shaded-relief image of the Precambrian surface required two steps.  First, I used the "Topo-to-
Raster" tool in the Spatial Analyst toolbox of ArcGIS to transform point and line shapefiles into a 
raster image on which variations in color represent depth.  Initially, I created a colored 
topographic map with a cell size (the size of the area assigned a particular elevation) at the 
default setting of 2000 meters on a side.  This setting did not produce a clear-enough image, so 
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subsequently, I used a cell size of 500 meters, which greatly enhanced the sharpness of the map 
(Fig. 2.4).  The map employed a stretched color scheme, ranging from light yellow to dark 
brown—lighter colors represent higher areas and the darker colors represent deeper areas.  Thus, 
the tops of domes and arches are lighter colored, whereas the floors of basins are darker colored.  
Second, I applied the "Hillshade tool" to the completed Topo-to-Raster image to create a shading 
affect giving the impression that if the surface of the Precambrian was lit by the Sun positioned 
at 315° at an angle of 45° above the horizon.  Depth values were multiplied first by 0.3048 to 
adjust the measured units to meters, and then were multiplied by 10 to produce a vertical 
exaggeration of 10X.  The Hillshade image was made 50% transparent and then was placed over 
the Topo-to-Raster color image, to create the digitally rendered shaded-relief map of the Great 
Unconformity (Fig. 2.5).  Areas of Precambrian outcrop were colored red, so that they stand out.  
After producing several preliminary versions of the map, I produced the final version (Fig. 2.6). 
 To create the 3-D look of the map, the map was exported as a georeferenced TIFF image 
file.  The image file was then placed into ArcScene, which transforms the map from a 2-D 
surface to a 3-D surface that can be viewed at any angle the viewer desires.  The georeferenced 
map image was assigned the base heights of the Topo-to-Raster image to create the 3-D aspect of 
the map.  To make variations in elevation stand out, the image was produced with a vertical 
exaggeration of 10X (Fig. 2.7).  
 
2.5  Production of the Fault-and-Fold Map and Other Shapefile Maps 
 The second map that I produced is a map that shows the traces of major faults and folds 
in the Midcontinent.  Obtaining data for this map proved to be a challenge, for structures in the 
Midcontinent are not well exposed, and in many cases can only be inferred from subsurface data 
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(e.g., structure-contour maps of reference horizons), and literature about these structures is 
sparse.  Nevertheless, I was able to find sufficient information by using preexisting maps and 
cross sections at a variety of scales, available in journals, USGS or state-survey publications and 
open-file reports, field guides, and theses.  Data were difficult to correlate; however, because 
some source maps show entire regions, some show individual states, and some show only 
relatively small portions of states.  Compilation problems also occurred because different data 
sources portray the structures at different levels of detail, structures mapped in one area were not 
necessarily mapped in adjacent areas, one map depicts a given structure as fault while another 
map of the same area depicts it as a fold or as a fault-fold pair, and existing portrayals of 
structures on maps do not all depict cross-cutting relationships correctly.  Because of the nature 
of source data, the map that I have produced should not be viewed as having the same level of 
accuracy as a surface-geology map, but it can be used to help visualize the distribution and trend 
of structures. 
  To produce my ArcGIS map, I first created digital shapefiles of faults and folds by 
scanning and then digitizing the faults and folds.  A separate shapefile was created for each 
structure.  These were added directly to a base map, the same base map that I used for the 
shaded-relief map of basement topography (Fig. 2.8).  Once all of the faults and folds were 
added to the map, I reviewed available descriptions of each structure, and then produced a 
summary description which was entered in a Microsoft Excel spreadsheet, which ended up being 
21 pages long (Table 2.1).  Examples of data collected include the age of the formation of the 
structure, the age of the last known activity along that structure, the sense of displacement on the 
structure, and references that describe the structure.  Faults and folds that were found to not 
intersect at the Great Unconformity (based on the literature research) were removed from the 
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final shapefile.  I determined which basement-involved structures to include in the study by 
examining how much data I collected from a detailed literature research on all of the faults and 
folds I could find references to.  I classified the faults and folds by the amount of confidence I 
had that the structures existed based on this literature research, with a scale from 0 to 3, in which 
0 indicates no confidence and no information available other than the drawn structure on the map 
and 3 indicates great confidence that the structure exists based on a large amount of data 
available.  I also simplified some of the major structures, meaning that I removed the subsidiary 
faults and folds so that the structure lines appear relatively smooth at a page-size scale of the 
map. The updated Excel spreadsheet was attached to the final fault and fold shapefile (Fig. 2.9) 
to create a more detailed attribute table for the dataset (see Table 2.1).  
Additional shapefiles were created to further analyze both the shaded-relief map and the fault-
and-fold map.  The shapefile labeled ‘Cordillera’ defines the foreland edge of the region that lies 
to the west of cratonic-platform crust.  Thus, the trace of this line corresponds with the eastern 
edge of the Basin-and-Range Province, the region of crust that has undergone significant 
stretching and thinning in the Cenozoic, and had undergone stretching and thinning at the end of 
the Precambrian.  The Ouachita orogen shapefile shows the foreland edge of the Ouachita fold-
thrust belt in Oklahoma and Arkansas, the Appalachian shapefile shows the western edge of the 
Appalachian fold-thrust belt, and the ‘Coastal Plain’ outlines the northern edge of the region that 
was submerged when sea level was high during the Cretaceous and early Cenozoic.  The 
subsurface of the coastal plain was not included in my study, because it has undergone stretching 
and faulting due to Atlantic Ocean opening, so the region is not considered part of the 
continental-interior platform.    
 22 
 
In general, the area of my study included only areas inboard of the Cordilleran, Ouachita, 
Appalachian, and Coastal plain shapefiles (see Fig. 1.1).  There are two exceptions to this rule, 
however.  The first exception is the area beneath Mississippi Embayment, a region where 
coastal-plain sediments extend north, up the Mississippi Valley to the southern end of Illinois.  I 
included this area because it has not undergone significant tectonic subsidence due to Atlantic 
Ocean opening, even though it was buried by Cretaceous/Cenozoic sediment.  By including the 
area beneath the Mississippi Embayment, my map can depict the important New Madrid Seismic 
zone, as well as the Oklahoma-Alabama transform fault.   The second exception is the area of the 
Appalachian foreland between the foreland edge of the Appalachian fold-thrust belt and the 
exposed basement thrust slices of the Blue-Green-Long Axis.  I included this region because it 
encompasses the deeper portion of the Appalachian Basin as well as relict rifts, such as the 
Montgomery Rift.  Leaving these features out would give the false impression that basement 
gradually got shallower progressively from the western edge of the Appalachian basin up to the 
Blue-Green-Long axis. 
 My map also includes several other shapefiles that can be useful for tectonic 
interpretation (Fig. 2.10).  A shapefile labeled ‘Precambrian Outcrop’, as noted earlier, which 
outlines areas within the study area where Precambrian rocks exist at the Earth’s surface. 
Another shapefile, called ‘Rift Zones’, indicates where the failed rift zones (e.g., aulacogens) that 
have filled with significant sediment and/or volcanics are located.  I constructed this shapefile 
based on the literature search and the major rift bounding faults that I mapped.  The final 
shapefile that I produced is labeled ‘Domes and Basins’, which outlines the borders of 
intracratonic domes, arches, and basins (Fig. 2.11).  Data used to construct the Domes and 
Basins shapefile comes from the literature research (especially the source maps). 
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Table 2.1:  Attributes of Midcontinent Structural Features. 
______________________________________________________________________________ 
The table that follows was constructed in conjunction with the fault-and-fold map produced in 
this study.  Information collected for the attribute table was collected between September 2011 
and May 2013, and was entered into an Excel document for readability.  The fields are filled 
according to the varying degrees of information available for each structure.  The following title 
column descriptions will attempt to provide an explanation for the information entered into the 
attribute table: 
 
• FID: The FID, or Feature Identification number is a distinctive number provided by ArcGIS 
for each line or structure on the map. 
• Type of Feature: The Type of Feature column provides a choice of fourteen different types of 
structures that could be present in the Precambrian basement, including faults and folds.   
• Structure Name: The Structure-name column indicates the recognized name of the structure, if 
one is available in the literature.   
• Trend/Strike: This description provides a generalized map trend and measured strike (if 
available) of the structures. 
• Dip/Plunge:  This description provides a generalized or measured (if available) explanation of 
the vertical motion of the structure. 
• Age formed:  The Age formed column indicates a timing of when the structure began to 
experience movement or deformation (if available). 
• Last Activity:  The Last Activity column provides a timing of the last movement or 
deformation experienced by the structure (if available). 
• Const.:  The Const. (Constraint) column attempts to assign a number between 1 and 3 based 
on the level of confidence from the literature research that the structures are true on the map, 
with 1 being the lowest level of confidence and 3 being the highest level. 
• Other:  The Other column provides a more detailed description of the structure, regarding to 
the deformation history, type of structure, displacement measurements, and other important 
information. 
• References:  The References column includes the references used in the map layout and 
informative descriptions of the structures.  The full citations for the references are provided in 
the references section at the end of this thesis. 
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a
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n
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c
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e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
W
1
n
o
rm
a
l 
fa
u
lt
?
E
w
in
g
 1
9
9
0
 36 
 
 
Table 2.1 (cont’d) 
2
2
1
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
C
a
rt
a
 V
a
lle
y
 f
a
u
lt
 z
o
n
e
E
-W
 t
o
 N
W
-
S
E
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 N
1
n
o
rm
a
l 
fa
u
lt
?
E
w
in
g
 1
9
9
0
2
2
2
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
E
1
n
o
rm
a
l 
fa
u
lt
?
E
w
in
g
 1
9
9
0
2
2
3
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
-S
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 W
1
n
o
rm
a
l 
fa
u
lt
?
E
w
in
g
 1
9
9
0
2
2
4
n
o
rm
a
l 
fa
u
lt
M
a
so
n
 G
ra
b
e
n
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
E
2
E
w
in
g
 1
9
9
0
2
2
5
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
E
2
E
w
in
g
 1
9
9
0
2
2
6
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
L
a
m
p
a
sa
s 
a
rc
h
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
E
1
E
w
in
g
 1
9
9
0
2
2
7
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
E
1
E
w
in
g
 1
9
9
0
2
2
8
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
E
1
E
w
in
g
 1
9
9
0
2
2
9
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
E
2
E
w
in
g
 1
9
9
0
2
3
0
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
W
1
c
o
n
ti
n
u
a
ti
o
n
 o
f 
W
a
u
ri
k
a
 a
rc
h
?
E
w
in
g
 1
9
9
0
2
3
1
ri
g
h
t 
la
te
ra
l 
st
ri
k
e
 s
lip
 
fa
u
lt
N
E
-S
W
1
W
o
o
d
w
a
rd
 1
9
8
4
2
3
2
n
o
rm
a
l 
fa
u
lt
R
e
e
lf
o
o
t 
F
a
u
lt
N
N
W
-S
S
E
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
W
2
C
so
n
to
s 
e
ta
l 
2
0
0
8
2
3
3
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
W
h
it
e
 R
iv
e
r 
fa
u
lt
 z
o
n
e
N
W
-S
E
2
c
u
ts
 a
c
ro
ss
 M
is
si
ss
ip
p
i 
V
a
lle
y
 
G
ra
b
e
n
C
so
n
to
s 
e
ta
l 
2
0
0
8
2
3
4
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
E
2
N
W
 b
o
u
n
d
a
ry
 o
f 
R
e
e
lf
o
o
t 
R
if
t
C
so
n
to
s 
e
ta
l 
2
0
0
8
2
3
5
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 N
W
2
S
E
 b
o
u
n
d
a
ry
 o
f 
R
e
e
lf
o
o
t 
R
if
t
C
so
n
to
s 
e
ta
l 
2
0
0
8
2
3
6
h
ig
h
 a
n
g
le
 f
a
u
lt
N
E
-S
W
2
c
e
n
tr
a
l 
p
a
rt
 o
f 
R
e
e
lf
o
o
t 
R
if
t
C
so
n
to
s 
e
ta
l 
2
0
0
8
2
3
7
tr
a
n
sf
e
r 
fa
u
lt
N
W
-S
E
2
p
a
rt
 o
f 
R
e
e
lf
o
o
t 
R
if
t
C
so
n
to
s 
e
ta
l 
2
0
0
8
2
3
8
n
o
rm
a
l 
fa
u
lt
N
W
-S
E
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
W
2
G
ro
sh
o
n
g
 e
ta
l 
2
0
1
0
2
3
9
n
o
rm
a
l 
fa
u
lt
N
W
-S
E
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
W
2
G
ro
sh
o
n
g
 e
ta
l 
2
0
1
0
2
4
0
n
o
rm
a
l 
fa
u
lt
N
W
-S
E
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
W
2
G
ro
sh
o
n
g
 e
ta
l 
2
0
1
0
2
4
1
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
E
2
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
4
2
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
N
W
2
S
 b
o
u
n
d
a
ry
 o
f 
R
o
m
e
 T
ro
u
g
h
P
a
tc
h
e
n
 e
ta
l 
2
0
0
6
2
4
3
tr
a
n
sf
e
r 
fa
u
lt
N
W
-S
E
1
S
a
y
lo
r 
1
9
9
9
2
4
4
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
N
W
2
S
 b
o
u
n
d
a
ry
 o
f 
R
o
m
e
 T
ro
u
g
h
S
a
y
lo
r 
1
9
9
9
2
4
5
h
ig
h
 a
n
g
le
 f
a
u
lt
M
o
n
ic
o
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a
u
lt
N
E
-S
W
1
fa
u
lt
 i
n
tr
u
d
e
d
 b
y
 n
a
rr
o
w
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ik
e
S
im
s 
1
9
9
2
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2
4
6
h
ig
h
 a
n
g
le
 f
a
u
lt
O
w
e
n
 f
a
u
lt
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 N
W
2
S
im
s 
1
9
9
2
, 
S
im
s 
1
9
8
9
2
4
7
sh
e
a
r 
zo
n
e
Ju
m
p
 R
iv
e
r 
sh
e
a
r 
zo
n
e
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 N
W
2
S
im
s 
1
9
9
2
, 
S
im
s 
1
9
8
9
2
4
8
sh
e
a
r 
zo
n
e
A
th
e
n
s 
S
h
e
a
r 
zo
n
e
N
E
-S
W
d
ip
s 
7
2
 N
W
, 
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
E
2
S
im
s 
1
9
9
2
2
4
9
re
v
e
rs
e
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a
u
lt
 
M
in
e
ra
l 
L
a
k
e
 f
a
u
lt
W
N
W
-E
S
E
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
M
id
d
le
 
P
ro
te
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zo
ic
2
in
it
ia
te
d
 a
s 
a
 n
o
rm
a
l 
fa
u
lt
 a
n
d
 
la
te
r 
re
v
e
rs
e
d
, 
ri
g
h
t 
la
te
ra
l 
c
o
m
p
o
n
e
n
t
S
im
s 
1
9
9
2
2
5
0
h
ig
h
 a
n
g
le
 t
h
ru
st
 f
a
u
lt
F
la
m
b
e
a
u
 F
lo
w
a
g
e
 f
a
u
lt
E
-W
 t
o
 N
E
-
S
W
u
p
th
ro
w
n
 t
o
 t
h
e
 
S
E
a
rl
y
 
P
ro
te
ro
zo
ic
2
in
fe
rr
e
d
 t
o
 f
la
tt
e
n
 a
t 
d
e
p
th
, 
o
ff
se
t 
b
y
 M
in
e
ra
l 
L
a
k
e
 f
a
u
lt
S
im
s 
1
9
9
2
2
5
1
h
ig
h
 a
n
g
le
 t
h
ru
st
 f
a
u
lt
N
W
-S
E
u
p
th
ro
w
n
 t
o
 t
h
e
 
S
E
a
rl
y
 
P
ro
te
ro
zo
ic
1
in
fe
rr
e
d
 t
o
 f
la
tt
e
n
 a
t 
d
e
p
th
S
im
s 
1
9
9
2
2
5
2
h
ig
h
 a
n
g
le
 f
a
u
lt
N
W
-S
E
1
S
im
s 
1
9
9
2
2
5
3
h
ig
h
 a
n
g
le
 f
a
u
lt
N
W
-S
E
1
S
im
s 
1
9
9
2
2
5
4
h
ig
h
 a
n
g
le
 t
h
ru
st
 f
a
u
lt
B
u
sh
 L
a
k
e
 f
a
u
lt
E
-W
u
p
th
ro
w
n
 t
o
 t
h
e
 
S
E
a
rl
y
 
P
ro
te
ro
zo
ic
2
in
fe
rr
e
d
 t
o
 f
la
tt
e
n
 a
t 
d
e
p
th
S
im
s 
1
9
9
2
2
5
5
h
ig
h
 a
n
g
le
 t
h
ru
st
 f
a
u
lt
S
o
u
th
 R
a
n
g
e
 f
a
u
lt
E
-W
u
p
th
ro
w
n
 t
o
 t
h
e
 
S
E
a
rl
y
 
P
ro
te
ro
zo
ic
2
in
fe
rr
e
d
 t
o
 f
la
tt
e
n
 a
t 
d
e
p
th
S
im
s 
1
9
9
2
2
5
6
h
ig
h
 a
n
g
le
 f
a
u
lt
N
E
-S
W
1
in
tr
u
d
e
d
 b
y
 n
a
rr
o
w
 d
ik
e
S
im
s 
1
9
9
2
2
5
7
h
ig
h
 a
n
g
le
 f
a
u
lt
E
-W
1
p
a
rt
 o
f 
M
a
rq
u
e
tt
e
 I
ro
n
 R
a
n
g
e
S
im
s 
1
9
9
2
2
5
8
ri
g
h
t 
la
te
ra
l 
st
ri
k
e
 s
lip
 
fa
u
lt
N
E
-S
W
2
S
im
s 
e
ta
l 
1
9
9
1
2
5
9
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
N
E
-S
S
W
1
S
im
s 
e
ta
l 
1
9
9
1
2
6
0
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
-S
1
S
im
s 
e
ta
l 
1
9
9
1
2
6
1
m
o
n
o
c
lin
e
E
c
h
o
 C
lif
fs
 m
o
n
o
c
lin
e
N
-S
2
H
u
n
to
o
n
 1
9
9
3
2
6
2
ri
g
h
t 
la
te
ra
l 
st
ri
k
e
 s
lip
 
fa
u
lt
R
o
m
e
 t
ra
n
sv
e
rs
e
 
b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
2
tr
a
n
sf
e
r 
fa
u
lt
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
6
3
ri
g
h
t 
la
te
ra
l 
st
ri
k
e
 s
lip
 
fa
u
lt
A
n
n
is
to
n
 t
ra
n
sv
e
rs
e
 
b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
2
tr
a
n
sf
e
r 
fa
u
lt
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
6
4
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
N
W
2
S
E
 b
o
u
n
d
a
ry
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
6
5
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
S
E
2
N
W
 b
o
u
n
d
a
ry
 o
f 
th
e
 
B
ir
m
in
g
h
a
m
 B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
6
6
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
S
E
2
N
W
 b
o
u
n
d
a
ry
 o
f 
th
e
 
B
ir
m
in
g
h
a
m
 B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
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2
6
7
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
N
W
2
S
E
 b
o
u
n
d
a
ry
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
6
8
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
N
W
2
S
E
 b
o
u
n
d
a
ry
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
6
9
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
S
E
2
N
W
 b
o
u
n
d
a
ry
 o
f 
th
e
 
B
ir
m
in
g
h
a
m
 B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
7
0
le
ft
 l
a
te
ra
l 
st
ri
k
e
 s
lip
 
fa
u
lt
N
W
-S
E
2
tr
a
n
sf
e
r 
fa
u
lt
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
7
1
n
o
rm
a
l 
fa
u
lt
N
-S
W
2
E
 b
o
u
n
d
a
ry
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
7
2
n
o
rm
a
l 
fa
u
lt
N
N
E
-S
S
W
S
E
2
W
 b
o
u
n
d
a
ry
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
7
3
tr
a
n
sf
e
r 
fa
u
lt
W
N
W
-E
S
E
2
tr
a
n
sf
e
r 
fa
u
lt
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
7
4
tr
a
n
sf
e
r 
fa
u
lt
N
W
-S
E
2
tr
a
n
sf
e
r 
fa
u
lt
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
7
5
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
S
E
2
N
W
 b
o
u
n
d
a
ry
 o
f 
th
e
 
B
ir
m
in
g
h
a
m
 B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
7
6
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
N
W
2
S
E
 b
o
u
n
d
a
ry
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
7
7
n
o
rm
a
l 
fa
u
lt
N
-S
W
2
E
 b
o
u
n
d
a
ry
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
7
8
n
o
rm
a
l 
fa
u
lt
N
-S
E
2
W
 b
o
u
n
d
a
ry
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
7
9
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
S
E
2
W
 b
o
u
n
d
a
ry
 o
f 
th
e
 B
ir
m
in
g
h
a
m
 
B
a
se
m
e
n
t 
g
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
2
8
0
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
W
N
W
-E
S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
8
1
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
 39 
 
 
Table 2.1 (cont’d) 
2
8
2
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
8
3
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
E
-W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
8
4
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
E
-S
W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
8
5
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
8
6
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
8
7
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
8
8
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
8
9
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
9
0
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
9
1
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
9
2
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
E
-S
W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
9
3
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
9
4
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
E
-S
W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
9
5
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
E
-W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
9
6
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
E
-S
W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
9
7
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
E
-W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
9
8
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
-S
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
2
9
9
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
0
0
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
-S
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
0
1
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
0
2
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
0
3
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
-S
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
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Table 2.1 (cont’d) 
3
0
4
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
0
5
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
-S
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
0
6
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
0
7
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
0
8
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
W
N
W
-E
S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
0
9
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
1
0
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
1
1
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
1
2
su
tu
re
 z
o
n
e
N
E
-S
W
P
re
c
a
m
b
ri
a
n
?
1
p
a
rt
 o
f 
C
h
e
y
e
n
n
e
 b
e
lt
?
B
a
d
e
r 
2
0
0
8
, 
2
0
0
9
3
1
3
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
1
4
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
1
5
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
W
N
W
-E
S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
1
6
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
1
7
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
E
-W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
1
8
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
1
9
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
E
-W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
2
0
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
2
1
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
W
N
W
-E
S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
2
2
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
E
-S
W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
2
3
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
2
4
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
E
-S
W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
2
5
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
E
-S
W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
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Table 2.1 (cont’d) 
3
2
6
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
E
-S
W
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
2
7
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
-S
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
2
8
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
2
9
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
N
W
-S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
3
0
in
fe
rr
e
d
 b
a
se
m
e
n
t 
fa
u
lt
W
N
W
-E
S
E
1
b
a
se
d
 o
n
 l
in
e
a
m
e
n
t 
m
a
p
E
sc
h
 2
0
1
0
3
3
1
su
tu
re
 z
o
n
e
C
h
e
y
e
n
n
e
 b
e
lt
E
N
E
-W
S
W
P
re
c
a
m
b
ri
a
n
2
P
a
le
o
p
ro
te
ro
zo
ic
 s
u
tu
re
 z
o
n
e
B
a
d
e
r 
2
0
0
8
, 
2
0
0
9
3
3
2
n
o
rm
a
l 
fa
u
lt
E
N
E
-W
S
W
S
1
N
 p
a
rt
 o
f 
R
o
m
e
 T
ro
u
g
h
/ 
R
o
u
g
h
 
C
re
e
k
 G
ra
b
e
n
H
ic
k
m
a
n
 2
0
1
1
3
3
3
n
o
rm
a
l 
fa
u
lt
E
N
E
-W
S
W
N
1
S
 p
a
rt
 o
f 
R
o
m
e
 T
ro
u
g
h
/ 
R
o
u
g
h
 
C
re
e
k
 G
ra
b
e
n
H
ic
k
m
a
n
 2
0
1
1
3
3
4
su
tu
re
 z
o
n
e
N
-S
P
re
c
a
m
b
ri
a
n
2
G
re
n
v
ill
e
 s
u
tu
re
 z
o
n
e
H
ic
k
m
a
n
 2
0
1
1
3
3
5
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
N
W
1
S
 p
a
rt
 o
f 
R
o
m
e
 T
ro
u
g
h
, 
su
b
su
rf
a
c
e
H
ic
k
m
a
n
 2
0
1
1
3
3
6
m
o
n
o
c
lin
e
N
N
W
-S
S
E
2
p
a
rt
 o
f 
L
a
 S
a
lle
 A
n
ti
c
lin
a
l 
b
e
lt
B
u
sc
h
b
a
c
k
 a
n
d
 K
o
la
ta
 
1
9
9
0
3
3
7
m
o
n
o
c
lin
e
N
-S
2
p
a
rt
 o
f 
L
a
 S
a
lle
 A
n
ti
c
lin
a
l 
b
e
lt
B
u
sc
h
b
a
c
k
 a
n
d
 K
o
la
ta
 
1
9
9
0
3
3
8
m
o
n
o
c
lin
e
N
-S
2
p
a
rt
 o
f 
L
a
 S
a
lle
 A
n
ti
c
lin
a
l 
b
e
lt
B
u
sc
h
b
a
c
k
 a
n
d
 K
o
la
ta
 
1
9
9
0
3
3
9
m
o
n
o
c
lin
e
B
la
c
k
 H
ill
s 
m
o
n
o
c
lin
e
N
-S
st
e
e
p
 l
im
b
 t
o
 t
h
e
 
W
2
W
ic
k
s 
e
ta
l 
1
9
9
9
3
4
0
n
o
rm
a
l 
fa
u
lt
O
sb
o
rn
e
 s
tr
u
c
tu
ra
l 
zo
n
e
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 N
3
S
im
s 
1
9
9
0
3
4
1
n
o
rm
a
l 
fa
u
lt
E
ld
o
ra
 s
tr
u
c
tu
ra
l 
zo
n
e
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 N
3
S
im
s 
1
9
9
0
3
4
2
n
o
rm
a
l 
fa
u
lt
D
e
c
o
ra
h
 s
tr
u
c
tu
ra
l 
zo
n
e
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 S
3
S
im
s 
1
9
9
0
3
4
3
n
o
rm
a
l 
fa
u
lt
N
o
rt
h
e
rn
 C
h
ic
k
a
sa
w
 
st
ru
c
tu
ra
l 
zo
n
e
N
E
-S
W
d
o
w
n
th
ro
w
n
 t
o
 
th
e
 N
3
S
im
s 
1
9
9
0
3
4
4
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
S
E
2
p
a
rt
 o
f 
B
ir
m
in
g
h
a
m
 B
a
se
m
e
n
t 
G
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
3
4
5
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
S
E
2
p
a
rt
 o
f 
B
ir
m
in
g
h
a
m
 B
a
se
m
e
n
t 
G
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
3
4
6
n
o
rm
a
l 
fa
u
lt
N
E
-S
W
S
E
2
p
a
rt
 o
f 
B
ir
m
in
g
h
a
m
 B
a
se
m
e
n
t 
G
ra
b
e
n
B
a
y
o
n
a
 e
ta
l 
2
0
0
3
, 
T
h
o
m
a
s 
a
n
d
 B
a
y
o
n
a
 
2
0
0
5
 42 
 
 
Table 2.1 (cont’d) 
3
4
7
no
rm
al
 f
au
lt
N
E
-S
W
N
W
2
p
ar
t 
o
f 
B
ir
m
in
gh
am
 B
as
em
en
t 
G
ra
b
en
B
ay
o
na
 e
ta
l 2
0
0
3
, 
T
ho
m
as
 a
nd
 B
ay
o
na
 
2
0
0
5
3
4
8
no
rm
al
 f
au
lt
N
E
-S
W
N
W
2
S
 p
ar
t 
o
f 
B
ir
m
in
gh
am
 b
as
em
en
t 
gr
ab
en
B
ay
o
na
 e
ta
l 2
0
0
3
, 
T
ho
m
as
 a
nd
 B
ay
o
na
 
2
0
0
5
3
4
9
no
rm
al
 f
au
lt
N
E
-S
W
N
W
2
p
ar
t 
o
f 
B
ir
m
in
gh
am
 B
as
em
en
t 
G
ra
b
en
B
ay
o
na
 e
ta
l 2
0
0
3
, 
T
ho
m
as
 a
nd
 B
ay
o
na
 
2
0
0
5
3
5
0
no
rm
al
 f
au
lt
N
E
-S
W
S
E
2
p
ar
t 
o
f 
B
ir
m
in
gh
am
 B
as
em
en
t 
G
ra
b
en
B
ay
o
na
 e
ta
l 2
0
0
3
, 
T
ho
m
as
 a
nd
 B
ay
o
na
 
2
0
0
5
3
5
1
no
rm
al
 f
au
lt
N
E
-S
W
S
E
2
p
ar
t 
o
f 
B
ir
m
in
gh
am
 B
as
em
en
t 
G
ra
b
en
B
ay
o
na
 e
ta
l 2
0
0
3
, 
T
ho
m
as
 a
nd
 B
ay
o
na
 
2
0
0
5
3
5
2
no
rm
al
 f
au
lt
N
E
-S
W
S
E
2
p
ar
t 
o
f 
B
ir
m
in
gh
am
 B
as
em
en
t 
G
ra
b
en
B
ay
o
na
 e
ta
l 2
0
0
3
, 
T
ho
m
as
 a
nd
 B
ay
o
na
 
2
0
0
5
3
5
3
no
rm
al
 f
au
lt
N
E
-S
W
S
E
2
W
 p
ar
t 
o
f 
B
ir
m
in
gh
am
 
B
as
em
en
t 
G
ra
b
en
B
ay
o
na
 e
ta
l 2
0
0
3
, 
T
ho
m
as
 a
nd
 B
ay
o
na
 
2
0
0
5
3
5
4
no
rm
al
 f
au
lt
N
E
-S
W
S
E
2
W
 p
ar
t 
o
f 
B
ir
m
in
gh
am
 
B
as
em
en
t 
G
ra
b
en
B
ay
o
na
 e
ta
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Table 2.1 (cont’d) 
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Table 2.1 (cont’d) 
3
8
5
no
rm
al
 f
au
lt
E
-W
S
2
in
te
rp
re
te
d
 u
si
ng
 c
ro
ss
 s
ec
tio
ns
 
in
 A
rk
o
m
a 
b
as
in
A
rb
en
z 
2
0
0
8
3
8
6
no
rm
al
 f
au
lt
N
E
-S
W
S
E
2
in
te
rp
re
te
d
 u
si
ng
 c
ro
ss
 s
ec
tio
ns
 
in
 A
rk
o
m
a 
b
as
in
A
rb
en
z 
2
0
0
8
3
8
7
no
rm
al
 f
au
lt
N
E
-S
W
S
E
2
in
te
rp
re
te
d
 u
si
ng
 c
ro
ss
 s
ec
tio
ns
 
in
 A
rk
o
m
a 
b
as
in
A
rb
en
z 
2
0
0
8
3
8
8
in
fe
rr
ed
 b
as
em
en
t 
fa
ul
t
E
as
t 
T
en
ne
ss
ee
 S
ei
sm
ic
 
Z
o
ne
N
E
-S
W
un
k
no
w
n
ac
tiv
e 
to
d
ay
1
in
fe
rr
ed
 f
ro
m
 s
ei
sm
ic
ity
, 
m
ul
tip
le
 
sm
al
l f
au
lts
 t
re
nd
in
g 
N
 a
nd
 E
P
o
w
el
l e
ta
l 1
9
9
4
3
8
9
in
fe
rr
ed
 b
as
em
en
t 
fa
ul
t
O
k
la
ho
m
a-
A
la
b
am
a 
tr
an
sf
o
rm
N
W
-S
E
un
k
no
w
n
1
m
ar
k
s 
th
e 
S
 e
d
ge
 o
f 
th
e 
N
o
rt
h 
A
m
er
ic
an
 c
ra
to
n
T
ho
m
as
 2
0
1
1
3
9
0
no
rm
al
 f
au
lt
N
W
-S
E
S
W
1
in
fe
rr
ed
 in
 B
la
ck
 W
ar
ri
o
r 
B
as
in
G
ro
sh
o
ng
 e
ta
l 2
0
1
0
3
9
1
no
rm
al
 f
au
lt
N
W
-S
E
S
W
1
in
fe
rr
ed
 in
 B
la
ck
 W
ar
ri
o
r 
B
as
in
G
ro
sh
o
ng
 e
ta
l 2
0
1
0
3
9
2
no
rm
al
 f
au
lt
N
W
-S
E
S
W
1
in
fe
rr
ed
 in
 B
la
ck
 W
ar
ri
o
r 
B
as
in
G
ro
sh
o
ng
 e
ta
l 2
0
1
0
 45 
 
 
 
Figure 2.1:  Outline of the United States overlaid by existing digital contour data (in red), with a 
contour interval of 1000 ft. 
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Figure 2.2a:  Georeferenced image of the Precambrian Structure Map of North Dakota (Heck 
1988).   
 
 
 
Figure 2.2b:  Precambrian contours (in blue) drawn over the georeferenced Precambrian 
Structure Map of North Dakota, with contour interval of 1000 ft. 
a 
b 
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Figure 2.3:  Outline of the United States showing depth to the Precambrian basement contours; 
contours in red are measured in feet and have a 1000 ft contour interval, and contours in blue are 
measured in meters and have no set contour interval. 
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Figure 2.4:  Topo-to-Raster image of the Precambrian basement in the United States, with darker 
areas representing basins and lighter areas representing domes and arches. 
 
 
Figure 2.5:  Second version of the Precambrian surface map of the United States, with the 
Hillshade raster overlying Topo-to-Raster image (see Figure 2.4).   
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Figure 2.6:  Final version of the shaded relief map of the Precambrian surface, with the 
following overlays:  Cordillera, Appalachians, and Ouachitas in purple, coastal plain in yellow, 
and Precambrian outcrops in red. 
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Figure 2.7:  A 3-D perspective of the Precambrian shaded relief of the Midcontinent.  Basin in 
foreground is the Arkoma basin.   
 
 51 
 
 
Figure 2.8:  Overlay of all of the faults and folds collected in the study.  Not all of the faults and 
folds reach the Precambrian. 
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Figure 2.9:  The final fault and fold map, showing the major faults and folds known to interact 
with the Precambrian basement (in black). 
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Figure 2.10:  United States outline map with overlays of ‘Precambrian Outcrops’ (in red) and 
‘Rift Areas’ (in green): MCR=Midcontinent Rift system, OA=Oklahoma Aulacogen, RF= 
Reelfoot Rift, RCG=Rough Creek Graben, RT=Rome Trough, and BBG=Birmingham Basement 
graben. 
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Figure 2.11:  United States outline map overlain by the ‘Domes and Basins’ shapefile:  
AB=Appalachian Basin, AnB=Anadarko Basin, ArB=Arkoma Basin, BWB=Black Warrior 
Basin, IB=Illinois Basin, MB=Michigan Basin and WB=Williston Basin. 
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— CHAPTER 3 — 
OBSERVATIONS 
______________________________________________________________________________ 
3.1  Observations of the Shaded Relief Map 
 An initial examination of the shaded-relief map of the basement topography in the 
Midcontinent reveals that the subsurface elevation the Great Unconformity varies significantly.  
The central Midcontinent is a broad, low-relief surface, whereas the southern and eastern edges 
of the Midcontinent have substantial structural relief.  For example, the elevation of the basement 
surface in the St. Francis Mountains in the Ozark Plateau is up to 500 m above sea level, whereas 
the same surface in the southern end of the Illinois Basin, 100 km to the east, is as much as 7 km 
below sea level.  Thus, there is locally up to 7.5 km of structural relief on this surface in the 
Midcontinent. Comparison of the Midcontinent to other sectors of the cratonic platform (namely, 
the Rocky Mountains and the Colorado Plateau) indicates that the Midcontinent does have a 
different character.  In this chapter, I will discuss details of the shaded relief map, considering 
each of the four sectors of the map (the Rocky Mountains; the Colorado Plateau; the 
Midcontinent region; and the ‘bordering basins’) separately (Fig. 3.1). 
 The Rocky Mountains Sector:  The Precambrian basement underneath the Rocky 
Mountains shows evidence of intense episodes of past tectonic activity.  Many of the high,  
elongate (50 to 200 km long by 20 to 50 km wide) ranges are cored by Precambrian rocks 
brought up on reverse faults (e.g., Yonkee and Mitra, 1993), some of which are exposed at 
elevations of up to 4.4 km above sea level.  Between the ranges are basins that are down to 6 km 
deep, creating extreme structure relief on the Great Unconformity over a relatively short 
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horizontal distance.  In this region, the amplitude is high (about 10 km) and the wavelength, or 
distance between uplifts, is relatively short (80 to 200 km).  Notably, trends of ranges and 
intervening basins occur in different orientations (north-south, west-east, and northwest-
southeast).  The intensity of deformation of the basement, as indicated by structural relief and 
relatively short distances between ranges, is greatest in Wyoming and Colorado, or the Laramide 
Rocky Mountain province. The distance between Precambrian surface uplifts increases north of 
Wyoming and south of Colorado.   
The Colorado Plateau Sector:  The Colorado Plateau of Arizona, Utah, New Mexico, 
and Colorado lies south and west of the Rocky Mountains.  Precambrian topography of the 
Plateau differs significantly from that of the Rocky Mountains in that the Plateau’s Precambrian 
surface displays relatively subdued structural relief, with gentler gradients of the surface. The 
region contains monoclinal folds related to subsurface fault reactivation (e.g., Huntoon 1993), 
but these are significantly smaller in amplitude (less than 1 km) than those of the Rocky 
Mountains Province.  The magnitude of structural relief appears to decrease progressively to the 
south, toward the Mogollon Highlands of central Arizona, but the lack of structural relief may be 
an artifact of lack of data.   
The Midcontinent Sector:  The basement surface in the interior of the Midcontinent 
region is relatively smooth.  In general, transitions between high areas (arches and domes) and 
low areas (basins) occur relatively gradually, in that the distance between the centers of large 
intracratonic basins (e.g., the Williston, Michigan, and Illinois basins) are on the order of 500 to 
1000 km.  Also, intracratonic basins of the Midcontinent are relatively equant (i.e., circular to 
slightly elliptical) in comparison to elongate (very elliptical) basins of the Rocky Mountain 
province.  Notably, the Williston and Michigan basins are spoon-shaped structures, and the slope 
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of the basin surface from the margin of the basin to the interior is very gradual (e.g., a vertical 
change of 3 km over a distance of 150 km for the Michigan Basin, in comparison to the Bighorn 
Basin in which the basement depth changes by about 10 km over a horizontal distance of 80 km.    
The basement topography map emphasizes that, of the intracratonic basins in the Midcontinent, 
the Illinois basin appears to be unique, in that its character changes from north to south—the 
northern portion of the basin is a broad, spoon-shaped depression, whereas the southern end is a 
relatively narrow fault-controlled rift (the Rough Creek graben).  
Through most of the Midcontinent (e.g., in Michigan, Wisconsin, Iowa, North Dakota, 
South Dakota, Indiana, Kansas, and Nebraska), the basement surface has low-relief, locally cut 
by steps that are associated with recognized major faults (Fig. 3.2).  For example, the 
Proterozoic-age (1.1 Ga) Midcontinent Rift system visibly extends from Minnesota to Kansas.  
This feature, despite originating as an extension-related graben, now appears as a positive feature 
on the shaded-relief map because its bordering normal faults were inverted during the Paleozoic 
to become reverse faults that thrust Precambrian rocks up relative to bordering Paleozoic cover.  
The Nemaha Ridge (or uplift) clearly appears as a fault-controlled step in the basement that, at 
its north end, intersects the Midcontinent rift.  The Ozark Plateau appears on the shaded-relief 
map as a rectilinear feature whose northeast corner has been relatively uplifted.  Another notable 
feature within the Midcontinent region is the Manson impact structure in central Iowa, which 
affected the Precambrian surface, producing a central peak in the center of a circular depression.   
The ‘Bordering Basins’ Sector:  The shaded relief map emphasizes that relatively 
narrow, elongate basins (400 km long by 100 km across) border the southern and eastern part of 
the Midcontinent region.  In effect, these basins define a chain that outlines the Midcontinent 
Sector.  In order from southwest to northeast, they are: the Permian basin of the Texas/New 
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Mexico border, the Anadarko Basin of Oklahoma, the Arkoma Basin of the Oklahoma and 
Arkansas, the Reelfoot Rift of eastern Arkansas and southeast Missouri, the Rough Creek 
Graben of western Kentucky, and the Rome Trough, which extends from eastern Kentucky, 
across West Virginia and Pennsylvania. These basins are locally very deep (up to 7.5 to 10.5 
km), and their borders are relatively steep (7 to 10 km of relief over a horizontal distance of 100 
km).  Published studies indicate that the basins are bordered by and/or incorporate normal faults, 
some of which have been inverted.    
Along the foreland edge of the Appalachians, a second set of basins, parallel to the 
Reelfoot Rift, has formed.  This set includes the Birmingham Basement Graben of northern 
Alabama (Thomas and Bayona 2005), and the interior portion of the Appalachian basin.  The 
Birmingham Basement Graben and the Reelfoot Rift together outline a crustal block spanning 
Tennessee, and northern Alabama and Mississippi, that appears to have started separating from 
the Midcontinent Sector, but did not succeed.  This block is bounded on the southwest by the 
Oklahoma-Alabama transform (Thomas 2011).  The Black Warrior Basin, which is a triangular-
shaped basin in Mississippi and Alabama at the southeastern corner of this block, differs from 
the other ‘bordering basins’, in that its border has a relatively gentle gradient that slopes towards 
the Gulf of Mexico.   
Notably, some of the bordering basins lie adjacent to uplifts where Precambrian rocks are 
locally exposed at the surface.  Two examples of this occurring are the Ozark Plateau, which lies 
adjacent to the Illinois basin, and the Wichita-Arbuckle Mountains, which lies adjacent to the 
Anadarko basin (see Figure 3.2).  Also of note, some of the basins (e.g., the Arkoma and 
Appalachian basins) lie adjacent to thrust belts, suggesting that some of their subsidence reflects 
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loading by the emplacement of thrust sheets.  In other words, their great depth may reflect the 
superposition of thrust-related subsidence on prior rift-related subsidence. 
 
3.2  Observations of Structures, Based on the Attribute Table and Fault/Fold Map 
 To provide constraints on the orientation and location of faults and folds in the cratonic 
platform, I collected data on the structures from the literature and compiled them into an attribute 
table, using an Excel spreadsheet (see Table 2.1).  The level of detail concerning the structures 
varies significantly.  Many of the structures exist in the subsurface, so direct measurements on 
fault dip, sense of slip and displacement amount is not available.  In some cases, the dip-slip 
component can be estimated based on structure-contour maps, and in some cases, by study of 
seismic-reflection profiles.   
 I classified the structures, based on their character, into 14 types.  Specifically, I refer to 
structures that are known only from subsurface data as "inferred basement faults", of which the 
type of structure or the sense of slip on that structure is not well known.  I estimate 
approximately 20% to 30% of the structures involved both faulting and associated folding.  If the 
fault has known normal-sense displacement, it is classified as a ‘normal fault’, and if it has 
known reverse-sense displacement, it is classified as a "reverse fault".  Steep faults on which the 
sense of slip is not known are called simply ‘high-angle faults.’  I have also distinguished 
between left-lateral and right-lateral strike slip faults, suture zones, and shear zones.  ‘Suture 
zones’ are structures that formed due to two or more Proterozoic terranes or crustal blocks 
colliding together.   
 A plot of fault traces on the map (see Fig. 2.9), indicates that Midcontinent faults and 
folds cluster, defining distinct fault-and-fold zones.  The distribution of faulting that appears on 
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the map could reflect, to some extent, lack of data.  But more likely, it indicates that the 
Midcontinent consists of relatively intact blocks bounded by fault-and-fold zones.  Fault length 
on the map varies.  The longest faults are tens to hundreds of kilometers long, but some faults are 
only a few kilometers long.   
 I measured the map trends of the structures in order to determine if there are dominant 
trends of the structures in the Midcontinent, as had previously been suggested by previous 
authors (e.g., Marshak and Paulsen, 1997; Marshak et al., 2003).  I then used the StereoNet8 
software to produce four rose diagrams for each group of structures (Almendinger et.al. 2013, 
Cardozo and Almendinger 2013).  The first group of structures involves the categorized normal, 
reverse, thrust, high angle thrust, high angle normal, and high angle faults.  This first rose 
diagram, shown in Figure 3.3, shows two dominant trends in the NE and ENE directions.  There 
are also three notable trends that should be mentioned, which are in the NNE, NW, and WNW 
directions.  The second group of structures involves the designated strike slip faults, transform 
faults, shear zones, and suture zones. Figure 3.4 reveals two dominant trends (NW and WNW), 
and two notable trends (NE and ENE).  The third group of structures includes the folds identified 
in the study, involving anticlines, synclines, and monoclines.  Two dominant trends that are 
visible in this fold group (shown in Fig. 3.5) are in the NNW and NNE directions.  The final 
group of structures includes the ‘inferred basement faults’, which have two dominant trends in 
the NW and WNW directions and two notable trends in the NNE and NNW directions (Fig. 3.6).   
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Figure 3.1:  Precambrian shaded relief map of the United States, with an overlay of the four 
domains described in Chapter 3:  the Rocky Mountain Sector, the Colorado Plateau Sector, the 
Midcontinent Sector, and the Bordering Basins Sector. 
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Figure 3.2:  Precambrian shaded relief map of the Midcontinent, with overlays of the Cordillera, 
Appalachians, and Ouachitas in purple, the coastal plain in yellow, and Precambrian outcrops in 
red.  MIS=Manson Impact Structure, MRS=Midcontinent Rift System, NR=Nemaha Ridge, and 
WM=Wichita Mountains. 
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Figure 3.3:  Half-Rose Diagram of the normal, reverse, high angle, and thrust faults, showing the 
dominant trends (NE and ENE trends) and the notable trends (WNW, NW, and NNE trends). 
 
 
 
 
 
 
 
Figure 3.4:  Half-Rose Diagram of the strike slip faults, transfer faults, suture zones, and shear 
zones, showing the dominant trends (NW and WNW trends) and the notable trends (NE and 
ENE trends). 
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Figure 3.5:  Half-Rose Diagram of the folds (anticlines, synclines, and monoclines, showing 
dominant trends in the NNW and NNE directions. 
 
 
 
 
 
 
 
 
 
Figure 3.6:  Half-Rose Diagram of the inferred basement faults, showing dominant trends in the 
NW and WNW directions and notable trends in the NNW and NNE directions.  
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— CHAPTER 4 — 
DISCUSSION AND CONCLUSIONS 
______________________________________________________________________________ 
 
4.1  General Statement 
 The shaded-relief map of the Great Unconformity (i.e., on the top of the Precambrian 
basement surface) provides a fresh image accentuating tectonic features and crustal character in 
the Midcontinent.  While the features that it shows have been recognized for decades, the 
visualization emphasizes relationships that do not stand out so clearly in conventional depictions 
of the basement top surface.  In particular, is emphasizes that: 
•  The Midcontinent Sector is, overall, a coherent crustal block.  It is delineated on the west by 
the Rocky Mountain front, and on the south and east by rift basins, some of which have been 
pushed down to greater depth by subsequent thrust-loading.  The pattern of rifting stands out 
on the map, and supports the hypothesis that during the Proterozoic separation of Laurentia 
from Pannotia, a set of failed rifts formed inboard of the ultimately successful rift.  
• In the Midcontinent Sector, basement topography is not controlled by the position of 
Proterozoic sutures.  Specifically, comparison of the Whitmeyer and Karlstrom map (see Fig. 
1.2) with the basement topography map shows that there is little if any correlation between the 
major Precambrian province boundaries and basement topography.  This implies that sutures, 
whose development is accompanied by prograde metamorphism and associated 
recrystallization, do not behave as long-lived weaknesses. 
• Proterozoic rifts do influence basement topography in the Midcontinent Sector.  This is evident 
by the structural relief associated with the Midcontinent Rift, the Nemaha Ridge, and the major 
basins bordering the Midcontinent block.  Therefore, the normal faults generated by rifting do 
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remain as long-lived weaknesses as suggested by Marshak et al. (2003).  The dilation during 
normal faulting may provide access of water to mid-crustal rocks, leading to retrograde 
metamorphism and the production of weak phyllosilicates (e.g., chlorite); these zones have 
never annealed. 
• The distance between sedimentary basins in the Midcontinent Sector and the gentle slope 
gradients of basement leading into the basins contrasts markedly with that of the Rocky 
Mountain Sector, but is not that different from the Colorado Plateau Sector.  Clearly, the crust 
of the Rocky Mountains region has behaved differently than other regions of cratonic platform 
crust during convergent tectonism.  Specifically, the Laramide shortening of the Rocky 
Mountains Sector had significantly different consequences than the Alleghanian shortening of 
the Midcontinent block.  This either reflects the difference between the consequences of 
shallow subduction and the consequences of continental collision, or a difference between the 
character of the crust of the two regions prior to shortening. 
• The Bordering Basins on the south and east of the Midcontinent Sector are discontinuous, in 
that they are separated along strike by distinct crustal bridges of unrifted crust between them.   
 
4.2  Implications of the Shaded-Relief Map to Interpreting Intraplate Seismicity 
 Using data collected from the U.S. Geological Survey, I constructed a shapefile showing 
the most recent earthquake epicenters (from January 1979 to April 2013) throughout the cratonic 
platform.  To emphasize the spatial distribution of events, rather than the energy release by 
cumulative earthquakes in an area, all epicenters are shown by the same dot size.  I overlaid the 
earthquake epicenter shapefile over the shaded relief map to see if any correlation exists between 
epicenter distribution and basement structure (Fig. 4.1).  The map clearly shows that the vast 
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majority of events occur in the Bordering Basins Sector.  Relatively few events occur in the 
Midcontinent Sector.  Those events that do occur in the Midcontinent Sector appear to be aligned 
in semi-distinct zones that generally do not coincide with known basement-penetrating faults.   
The three areas with the greatest concentration of earthquake epicenters (i.e., areas with 
the most seismicity) are in central Oklahoma, in the New Madrid seismic zone/Reelfoot Rift 
area, and in the East Tennessee seismic zone.  The central Oklahoma seismic zone coincides 
with several major faults (e.g., the Central Oklahoma fault zone and the Meers/Criner fault 
system).  The Central Oklahoma fault zone, which trends north-south, appears to be the southern 
extension of the Nemaha uplift and delineates the steep gradient in basement topography at the 
western edge of a crustal bridge between the Arkoma and Anadarko basins.  Both the Criner and 
Meers faults trend northwest-southeast and lie in the deepest part of the Anadarko basin. The 
New Madrid seismic zone in the Reelfoot Rift occurs in the eastern boundary of the western 
Tennessee crustal block, and appears continuous with a line of seismicity that extends northeast 
to Lake Ontario.  The zone also coincides with the steepest gradient in the slope of the basement 
surface.  The difference in Precambrian topographic relief from the deepest part of the Illinois 
basin to the top of the Ozark Plateau is about 7.5 km. This is also the area where the Precambrian 
topography is very steep, although the faulting patterns are not well known.  The East Tennessee 
seismic zone, in contrast, does not appear to correlate with a steep basement gradient.  In fact, 
structure associated the East Tennessee seismic zone is relatively subtle; the zone follows the 
trend of the New York-Alabama Lineament (Powell et.al., 1994).   
 Notably, there are distinct gaps in seismicity within the Midcontinent region, even in 
places where there are faults.  One example is the central part of the Arkoma basin, which is the 
region that lies between central Oklahoma and the New Madrid seismic zones.  According to 
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cross-sections and maps of this region (Arbenz, 2008; Csontos et.al., 2008), an extensional fault 
system exists in the subsurface.  Another example lies between the Rough Creek Graben and the 
Rome Trough, in central Kentucky.  This area is a crustal bridge between the two rift systems, 
and contains the Grenville suture.  Using information from Hickman (2011), I have extended the 
rift-bounding faults to connect the two rift systems.   
 
4.3  Implications of the Shaded Relief Map to Interpreting Crustal Inhomogeneities 
 Both gravity and magnetic anomaly maps provide insight into crustal differences within a 
region.  The use of both of these maps can help to identify small-scale and large-scale structures, 
in the subsurface and at the land surface.  Comparing the gravity and magnetic anomaly maps to 
the Precambrian basement shaded-relief map can enhance interpretation of where basement 
structures are located and possibly how they are derived.  Gravity maps, in particular isostatic 
gravity maps, provide images of mass anomalies within the crust—where positive gravity 
anomalies occur, there is an excess in mass, and where negative gravity anomalies occur, there is 
a deficit in mass.  Figure 4.2 compares the isostatic gravity map of the United States to the 
shaded-relief map of the basement top surface, and reveals clear correlations.  For example, the 
Midcontinent Rift System and the Meers/Criner faults appear as a strong positive anomaly 
relative to the surrounding area.  Another example is the western part of the Arkoma basin, 
which is a strong negative anomaly in the isostatic gravity map.   
Magnetic anomaly maps can highlight areas where rocks contain a relatively large or 
relatively small concentration of magnetic minerals.  A comparison between the magnetic- 
anomaly map and the shaded-relief map of the basement top surface is shown in Figure 4.3.  
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One clear positive anomaly in the magnetic map is a portion of the Midcontinent Rift System 
(from Minnesota through Iowa).   
 
4.4  Conclusions 
 The construction in ArcGIS of a 3-D shaded relief map of the Great Unconformity, and of 
faults and folds, in the cratonic platform is challenging because the data necessary to produce 
these maps is not easily accessible, and occurs in a variety of different forms.  The maps provide 
useful insight into architecture of regional-scale structures and suggest relationships among the 
Precambrian basement topography, faulting, and seismicity.  Specifically, the shaded-relief map 
emphasizes that the cratonic platform includes distinct sectors that differ from one another in 
terms of structural relief, gradients in the slope of the basement surface, and the wavelength of 
uplifts and basins.  The map of fault-and-fold zones emphasizes that the structures are not 
randomly oriented, but concentrate in distinct sets.  Comparison of the maps to the distribution of 
earthquake epicenters emphasizes that most seismicity of the cratonic platform east of the Rocky 
Mountain front concentrates in the rift-controlled basins that lie along the southern and eastern 
margins of the low-relief Midcontinent sector. 
 
 
 
 
 
 
 
 70 
 
 
Figure 4.1:  Precambrian shaded relief map of the Midcontinent showing earthquake epicenters 
(red circles).  ETSZ=East Tennessee Seismic Zone and NMSZ=New Madrid Seismic Zone. 
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Figure 4.2:  Comparison of an Isostatic Gravity map (above) to the Precambrian shaded relief 
map (below). 
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Figure 4.3:  Comparison of a magnetic map (above) to the Precambrian shaded relief map 
(below). 
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